INTRODUCTION
============

Pain and inflammation are common manifestations of many diseases. Pain is an unpleasant, sensory and emotional experience associated with actual or potential tissue damage, and originates from inflammation and the inflammatory responses \[[@b1-kjp-32-256]\]. Inflammation is a nonspecific response that has a beneficial effect on the host. Several experimental studies have shown that reactive oxygen species (ROS) contribute to pain \[[@b2-kjp-32-256]\]. Proinflammatory cytokines including tumor necrosis factor (TNF)-α play significant roles in neuronal reaction and inflammation \[[@b3-kjp-32-256]\]. Nonsteroidal anti-inflammatory drugs, such as diclofenac, are the most commonly used antinociceptive and antiinflammatory drugs, since they are effective in the management of pain, fever, redness, and edema resulting from inflammatory mediator release \[[@b4-kjp-32-256]\]. Although diclofenac is usually well tolerated by patients, its use is associated with some adverse drug reactions, such as gastrointestinal mucosal damage, renal toxicity, bleeding, and cardiovascular side effects \[[@b5-kjp-32-256]\].

Finding different types of drugs to induce the same antiinflammatory and antinociceptive effects with fewer side effects became a priority. N-acetylcysteine (NAC) acts both as a glutathione (GSH) precursor and shows anti-inflammatory and antioxidant effects \[[@b6-kjp-32-256]\]. By regulation of the redox status in the cell, it can interfere with several signaling pathways and decrease the cytokine production in the early inflammatory response \[[@b7-kjp-32-256]\]. Verapamil belongs to the dihydropyridine family of calcium channel blockers that block voltage-dependent L-type calcium channels, and is used clinically to treat hypertension, angina, and cardiac arrhythmias \[[@b8-kjp-32-256]\]. Previous studies have also found that verapamil inhibits activation of superoxide production in neutrophils and macrophages \[[@b9-kjp-32-256]\]. Increased calcium influx through L-type calcium channels causes activation of signaling cascades, such as ROS and activation of proinflammatory cytokines \[[@b10-kjp-32-256]\]. Previous studies showed that verapamil elicited neuroprotection action and has a significant anti-inflammatory and anti-angiogenesis effects \[[@b11-kjp-32-256]\]. The aim of the present work was to study the probable anti-inflammatory and antinociceptive effects of verapamil and NAC in rats.

MATERIALS AND METHODS
=====================

1. Drugs and chemicals
----------------------

Diclofenac sodium (Diclac 75 mg; Minapharm, Giza, Egypt), NAC (Acetylcysteine 600 mg; SEDICO, Cairo, Egypt), verapamil (Isoptin 80 mg; Kahira Pharmaceuticals & Chemical Industries Company, Cairo, Egypt), isotonic saline (Otsuka Pharmaceutical Company, Cairo, Egypt), and formalin (Formaldehyde sol. 38%--40%; Al-Nasr Pharma Chemicals, Cairo, Egypt) were used in the current study.

2. Animals
----------

Experiments were performed on adult male Wistar rats weighing 220 to 280 g in accordance with the guidelines of the Ethics Committee at Beni-Suef University (\# 018-63), which complies with Guidelines on Ethical Standards for Investigation of Experimental Pain in Animals \[[@b12-kjp-32-256]\]. The animals were housed and maintained in a well ventilated, temperature-controlled room at 22°C ± 2°C with a relative humidity of 50% to 60% and a 12-hour light-dark cycle with free access to food and water. They were acclimatized for 1 week and randomly allocated into groups. Care was taken to avoid stressful conditions and to minimize animal suffering, and all experimental procedures were performed between 9 and 11 am. All drugs were administered orally using a metallic tube, and the rat was forced to swallow them one hour before the hot plate or formalin test.

3. Antinociceptive evaluation
-----------------------------

The rats were divided randomly into 4 groups, 6 rats in each group; the normal control group received saline (1 mL/kg), the diclofenac group received diclofenac sodium (2 mg/ kg) \[[@b13-kjp-32-256]\], the NAC group received NAC (150 mg/kg) \[[@b14-kjp-32-256]\], and the verapamil group received verapamil (8 mg/kg) \[[@b15-kjp-32-256]\].

The hot plate method was used to investigate the nociception in rats as described by Langerman et al. \[[@b16-kjp-32-256]\]. Each rat was placed in a hot plate analgesia meter (TSE Systems, Bad Homburg vor der Höhe, Germany) and the metal surface was maintained at 50°C ± 1°C. The latency times in seconds taken to nocifensive behavior including hind paw withdrawal or licking, and jumping was recorded prior to the treatment, 1, and 2 hours after the treatment \[[@b17-kjp-32-256]\]. Rats showing a pretreatment reaction time greater than 30 seconds in the hot plate test were excluded from the experiment (cut-off latency) \[[@b18-kjp-32-256]\].

4. Anti-inflammatory evaluation
-------------------------------

### 1) Formalin test

The rats were divided randomly into 5 groups as in 4 groups in the hot plate test in addition to a paw edema group. The normal control group received saline (1 mL/ kg), the paw edema control received saline (1 mL/kg), the diclofenac group received diclofenac sodium (2 mg/kg) \[[@b13-kjp-32-256]\], the NAC group received NAC (150 mg/kg) \[[@b14-kjp-32-256]\], and verapamil group received verapamil (8 mg/kg) \[[@b15-kjp-32-256]\]. Compounds were administered *via* the oral route just prior to induction of inflammation. The inflammation was induced in rats of all groups except the normal control group by subcutaneous injection of 0.05 mL, 10% formalin into the plantar surface of the right hind paws using a 25-gauge needle \[[@b19-kjp-32-256]\]. The anti-inflammatory activity was then calculated based on paw-volume changes at 1, 2, 4, and 8 hours after formalin injection using vernier caliper. Blood samples were collected 6 hours after the formalin injection.

### 2) Biochemical examination

Blood samples (up to 2 mL) were collected by orbital puncture under inhalation anesthesia using alcohol, chloroform, and ether in a ratio of 1:2:3. In serum separating tubes, the blood samples were centrifuged at 3,000 rpm for 15 minutes to separate the sera and were stored at 80°C for biochemical analyses \[[@b20-kjp-32-256]\]. Reduced GSH and myeloperoxidase (MPO) were determined according to standard methods using diagnostic kits from BioSystems S.A. (Barcelona, Spain). Assessment of serum TNF-α, inducible nitric oxide synthetase (iNOS), cyclooxygenase enzyme (COX-2), and C-reactive protein (CRP) were carried out by enzymelinked immunosorbent assay (ELISA) using kit purchased from DRG International Inc. (Mountainside, NJ).

5. Histopathological examination of the paw tissue
--------------------------------------------------

After collection of blood samples, all animals were euthanized. The right and left paws were dissected from the rats and kept intact for histological examination and the soft tissues of paw were isolated carefully. Paw tissues were fixed immediately and decalcified in ethylenediaminetetraacetic acid \[[@b21-kjp-32-256]\]. Then, the tissue specimens were dehydrated, embedded in paraffin, and sectioned into 5 μm portions, and stained using hematoxylin and eosin (H&E) for histopathological examination using a research microscope provided with an HD camera (Leica DM2500 M; Leica Microsystems GmbH, Wetzlar, Germany). A histopathologic score is used for inflammation, congestion, and edema on a 7-grade scale from 0 to 6 (0 = normal and 6 = the most severe inflammation).

6. Statistical analysis
-----------------------

Data were expressed for each parameter investigated as a mean ± standard error of the mean. One-way analysis of variance (ANOVA) was used to compare the different groups. All statistics were carried out using SPSS ver. 15 (SPSS Inc., Chicago, IL). Differences were considered statistically significant when the *P* value was \< 0.05.

RESULTS
=======

1. Antinociceptive effect and hot plate latency time
----------------------------------------------------

The present study showed that administration of a single dose of NAC produced a significant prolongation of the hot plate latency time at 1 hour after treatment when compared to the normal control group values. Moreover, administration of a single dose of verapamil showed a significant prolongation of the hot plate latency time at 1 and 2 hours after treatment, which is comparable to diclofenac group values ([Table 1](#t1-kjp-32-256){ref-type="table"}).

2. Anti-inflammatory effect
---------------------------

### 1) Paw edema

The present study revealed that administration of NAC and verapamil significantly decreased paw edema thickness at 2, 4, and 8 hours when compared to edema control values. Both NAC and verapamil decreased paw edema thickness to the same values of diclofenac at 2 and 8 hours ([Fig. 1](#f1-kjp-32-256){ref-type="fig"}).

### 2) Serum biochemical markers

The current investigation showed that formalin-induced paw edema significantly decreased the serum levels of GSH, while TNF-α, MPO, NOS, CRP, and COX-2 increased significantly when compared to normal control values. The alterations in NOS, CRP, COX-2, and TNF-α were alleviated significantly when compared to paw edema values ([Table 2](#t2-kjp-32-256){ref-type="table"}, [Fig. 2](#f2-kjp-32-256){ref-type="fig"}).

On the other hand, verapamil decreased significantly the elevated MPO level when compared with the paw edema value, while NAC decreased this elevation, but nonsignificantly. Moreover, diclofenac, NAC, and verapamil failed to alleviate the serum GSH level ([Table 2](#t2-kjp-32-256){ref-type="table"}).

3. Histopathological results
----------------------------

Histopathological examination of the hind paw of the normal control rats showed normal dermal and epidermal architecture with no signs of inflammation ([Fig. 3A](#f3-kjp-32-256){ref-type="fig"}). On injection of formalin, the histopathological study revealed severe inflammation evidenced by mononuclear infiltration of inflammatory cells, severe edema, mild congestion, and the highest score ([Fig. 3B](#f3-kjp-32-256){ref-type="fig"}). On the other hand, injection of diclofenac sodium ameliorated the edema, inflammation, and congestion and ameliorated the histopathological scoring ([Figs. 3A, 3D](#f3-kjp-32-256){ref-type="fig"}, [4](#f4-kjp-32-256){ref-type="fig"}). Rats which received NAC ([Fig. 3E, F](#f3-kjp-32-256){ref-type="fig"}) and verapamil ([Fig. 3G, H](#f3-kjp-32-256){ref-type="fig"}) showed low histopathological scoring and mild inflammation evidenced by subsiding edema and fewer inflammatory cells with less congestion and presence of macrophages that engulf debris with necrosed tissue ([Fig. 3G, H](#f3-kjp-32-256){ref-type="fig"}).

DISCUSSION
==========

The hot plate test and other tests that apply heat stimuli to the hind paws are considered to integrate supraspinal pathways, as rats with spinal transection do not withdraw the hind limbs in the hot plate test \[[@b22-kjp-32-256]\]. The results of the present study revealed that NAC has an antinociceptive effect evidenced by a significant prolongation of hot plate latency time when compared to normal control values. Despite that, NAC significantly prolonged the hot plate latency time when compared to normal control values but this prolongation was less than that of diclofenac sodium values. These results are in agreement with Horst et al. \[[@b23-kjp-32-256]\] who reported that NAC has an anti-hyperalgesic effect in rats with neuropathic pain mostly attributed to modulation of the antioxidant redox system, reduction in several neuroinflammatory molecules, and a decrease in nitric oxide (NO). Similarly, the current study showed that verapamil produced a significant prolongation of hot plate latency time when compared to normal control values and the NAC group but still inferior to diclofenac sodium group values. These results are in agreement with Abdollahi et al. \[[@b24-kjp-32-256]\] who reported that verapamil induced a significant anti-nociception in both phases of a formalin test model. Verapamil, a calcium channels blocker, resulted in impaired calcium influx, a necessary process for activation of N-methyl-D-aspartate receptors of glutamate which induces the local release of both prostaglandin E2 (PGE2) and NO, thereby relieving pain \[[@b24-kjp-32-256]\].

On the other hand, formalin significantly increased paw edema thickness in the present study after 1, 2, 4, and 8 hours, which is in agreement with the results of Lee and Jeong \[[@b25-kjp-32-256]\]. This edema is mainly caused by vascular changes which are mediated by release of substance P, prostanoids, 5-hydroxytryptamine, and histamine \[[@b26-kjp-32-256]\]. The present study showed that NAC significantly alleviated paw edema thickness after 2, 4, and 8 hours, which is in agreement with the results of Lasram et al. \[[@b27-kjp-32-256]\] and Farshid et al. \[[@b28-kjp-32-256]\]. Moreover, the present study showed that verapamil produced a statistically significant alleviation in paw edema thickness after 2, 4, and 8 hours. This result is in agreement with the results of Martinez et al. \[[@b29-kjp-32-256]\].

The alleviation by NAC was be explained in previous studies by reduction of neutrophil infiltration and inhibition of COX products such as prostaglandins, and also *via* inhibiting nuclear factor-κB (NF-κB) and modulating cytokine synthesis \[[@b30-kjp-32-256]\]. In addition, the mitigation by verapamil can be explained as verapamil inhibits activation of superoxide production in neutrophils and macrophages, and it can suppress the release of pro-inflammatory mediators, such as TNF-α and NO \[[@b9-kjp-32-256]\]. This is in accordance with the results of the current study which revealed histopathological improvement of the inflammatory reactions and neutrophil recruitment produced by formalin injection, as well as alleviation of the serum level changes of TNF-α, NOS, CRP, and COX.

Despite both NAC and verapamil showing a significant anti-inflammatory effect compared to the edema control group, neither NAC nor verapamil was superior to diclofenac in ameliorating paw edema after 2 and 4 hours. However, after 8 hours the ameliorative effect of both NAC and verapamil on paw edema thickness values was nearly the same as that of diclofenac values. Unfortunately, the results of the present study showed that diclofenac, NAC, and verapamil failed to improve the decreased level of GSH in the edema control group. This can be explained by the short duration of the experiment and nonspecific method that is used in the current study, as GSH was measured in plasma and not tissues.

In the current study, treatment with either diclofenac or NAC failed to produce any significant ameliorative effect on the increased level of MPO in the edema control group. The diclofenac effect in the present study is in agreement with the previous results of Pireddu et al. \[[@b31-kjp-32-256]\]. On the other hand, verapamil significantly ameliorated the increased serum MPO level when compared to the edema control group and decreased it to nearly the normal control values. These results are in agreement with the results of Messiha and Abo-Youssef \[[@b32-kjp-32-256]\]. This could be attributed to its calcium channel blocking activity in addition to attenuation of chemo-attractant release by Kupffer cells \[[@b33-kjp-32-256]\].

Huang et al. \[[@b34-kjp-32-256]\], showed similar results regarding the effect of NAC on COX expression. On the other hand, Wang et al. \[[@b35-kjp-32-256]\] reported that verapamil significantly inhibited COX-2 level in inflammatory arthritis in mice, which could be explained, since Ca^2+^ influx leads to the up-regulation of COX-2 expression and PGE2 release *via* the activation of the protein kinase A, so, a Ca^2+^ influx inhibitor decreases COX-2 expression \[[@b36-kjp-32-256]\]. Previous studies showed that inflammation stimulates the release of TNF-α, which, in turn, stimulates the production of COX, thus stimulating the local production of sympathetic amines \[[@b37-kjp-32-256]\]. In addition, the present work showed that NAC significantly decreased the elevated serum TNF-α when compared to the edema control group values, and this decrease was nearly equal to that in the diclofenac group. This is in agreement with the results of Pathak et al. \[[@b38-kjp-32-256]\]. However, Talasaz et al. \[[@b39-kjp-32-256]\] reported that NAC did not make any significant effect on the serum TNF-α level in patients following an ST-segment elevation myocardial infarction. The effect of NAC could be due to inhibition of NF-κB which regulate cytokine transcription as TNF-α \[[@b40-kjp-32-256]\]. According to the results of the present study, verapamil treatment significantly decreased the high TNF-α values observed in the edema control group. Even verapamil was superior to diclofenac in ameliorating the high level of TNF-α, and it decreased the level nearly to the normal control values. These results are in agreement with the work of Wang et al. \[[@b35-kjp-32-256]\] who showed that verapamil significantly inhibited TNF-α both *in vitro* and in mice models of arthritis. The mechanism of action of verapamil's effect is possibly *via* inhibition of NF-κB \[[@b41-kjp-32-256]\].

Regarding to the findings of the present work, NAC, verapamil, and diclofenac significantly reduced the elevated serum NOS level observed in the edema control group. There was no significant difference between the three groups. Guibas et al. \[[@b42-kjp-32-256]\] showed that NAC significantly inhibited the accumulation of inflammatory cells and down regulated iNOS expression in a rat model of allergic rhinitis. The effect of NAC on NOS can be attributed mostly to the inhibitory effect of NAC on one of the events leading to iNOS protein expression \[[@b43-kjp-32-256]\]. The effect of verapamil on NOS in the present results may be due to inhibition of inflammatory cytokines \[[@b10-kjp-32-256]\].

Regarding the findings of the present work, NAC, verapamil, and diclofenac sodium significantly reduced the elevated serum CRP level observed in the edema control group. There was no significant difference between the 3 groups. The results of the present study regarding the NAC group are in agreement with Saddadi et al. \[[@b44-kjp-32-256]\].

The NAC was shown to inhibit the production of interleukin (IL)-6 from macrophages which is related to the anti-oxidative stress effects of NAC \[[@b45-kjp-32-256]\]. Since CRP increases following IL-6 secretion by macrophages and T cells, NAC results regarding CRP can be explained by its effect on IL-6 \[[@b46-kjp-32-256]\]. Bakris \[[@b47-kjp-32-256]\] reported that verapamil significantly reduced CRP and lowered albuminuria in kidney disease progression. The effect of verapamil on CRP may be because it can modulate T-helper cell type 2 associated cytokine secretion, such as IL-5 and IL-6 \[[@b48-kjp-32-256]\] which stimulate hepatic secretion of CRP following IL-6 secretion by macrophages and T cells \[[@b46-kjp-32-256]\].

In conclusion, NAC and Verapamil were found to have antinociceptive and anti-inflammatory effects. This antinociceptive effect can be attributed to COX inhibition and an antioxidant effect. Further clinical and long-term studies are needed to confirm their clinical effectiveness and safety.
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![The effect of N-acetylcysteine (NAC) and verapamil on formalin-induced paw edema after 1, 2, 4, and 8 hours of formalin injection. Data are expressed as mean ± standard error of the mean. ^a^Significantly different from normal control value. ^b^Significantly different from Paw edema value. ^c^Significantly different from diclofenac value (*P* \< 0.05 is considered significant).](KJP-32-256-g001){#f1-kjp-32-256}

![The effect of 2 doses of diclofenac sodium, N-acetylcysteine (NAC), and verapamil on the formalin-induced paw edema serum alterations of C-reactive protein (CRP) (A), and cyclooxygenase-2 (COX-2) (B). Data are expressed as mean ± standard error of the mean (*P* \< 0.05 is considered significant). ^a^Significantly different from normal control value. ^b^Significantly different from Paw edema value.](KJP-32-256-g002){#f2-kjp-32-256}

![(A) Section in rat paw of normal control group showing normal dermal and epidermal architecture with no signs of edema or inflammatory cells. (B) Section in paw of rat injected with formalin (group II): showing deep dermal layer dispersed by edema (black arrows) and infiltrated by abundant mononuclear inflammatory cells (green arrows = macrophages, blue arrows = lymphocytes, and yellow arrow = neutrophils) and congestion (red arrows). (C, D) Sections in paw of rats received diclofenac sodium showing edema (black arrows), few inflammatory cells (yellow arrows) and congestion (red arrows) but somewhat less than paw edema group. (E, F) Sections in paw of rats received N-acetylcysteine showing subsiding edema (black arrow) and very few inflammatory cells (yellow arrows) with congestion (red arrows) but less than group paw edema group. (G, H) Section in paw of rats which treated by verapamil showing subsiding congestion (red arrows) and edema (black arrow) with congestion (red arrows), and few inflammatory (blue arrows = lymphocytes, and yellow arrows = neutrophils) with macrophages (green arrows) that engulf debris and necrosed tissue (H&E, × 100).](KJP-32-256-g003){#f3-kjp-32-256}

![The effect of diclofenac, N-acetylcysteine (NAC), and verapamil on formalin-induced paw edema histopathological scoring. Data are expressed as mean ± standard error of the mean. ^a^Significantly different from Paw edema value; ^b^Significantly different from diclofenac value (*P* \< 0.05 is considered significant).](KJP-32-256-g004){#f4-kjp-32-256}

###### 

The Effect of N-acetylcysteine and Verapamil on Hot Plate Latency Time in Rats

  Variable         Latency time (sec)                                                            
  ---------------- -------------------- -------------------------------------------------------- --------------------------------------------------------
  Normal control   15.00 ± 0.41         16.00 ± 0.25                                             16.00 ± 0.65
  Diclofenac       16.00 ± 0.82         29.00 ± 1.50[a](#tfn2-kjp-32-256){ref-type="table-fn"}   27.00 ± 1.10[a](#tfn2-kjp-32-256){ref-type="table-fn"}

Values are presented as mean ± standard error of the mean (6 rats in each group).

Significantly different from normal control value.

###### 

The Effect of 2 Doses of Diclofenac Sodium, N-acetylcysteine and Verapamil on the Formalin-Induced Paw Edema Serum Alterations of Reduced GSH, TNF-α, MPO, NOS

  Variable         GSH (mg/dL)                                              TNF-α (mg/dL)                                            MPO (mg/dL)                                             NOS (mg/dL)
  ---------------- -------------------------------------------------------- -------------------------------------------------------- ------------------------------------------------------- --------------------------------------------------------
  Normal control   67.48 ± 1.16                                             20.98 ± 1.88                                             2.22 ± 0.24                                             10.30 ± 0.76
  Paw edema        33.28 ± 5.17[a](#tfn5-kjp-32-256){ref-type="table-fn"}   97.48 ± 6.02[a](#tfn5-kjp-32-256){ref-type="table-fn"}   7.46 ± 1.84[a](#tfn5-kjp-32-256){ref-type="table-fn"}   33.04 ± 5.39[a](#tfn5-kjp-32-256){ref-type="table-fn"}

Values are presented as mean ± standard error of the mean (6 rats in each group).

GSH: glutathione, TNF-α: tumor necrosis factor-alpha, MPO: myeloperoxidase, NOS: nitric oxide synthase.

Significantly different from normal control value.
